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論文内容の要旨 
 
[Introduction] 
Many secretory and membrane proteins are synthesized in the endoplasmic reticulum (ER), in 
which proteins acquire their three-dimensional structures frequently through disulfide bond 
formation. In the mammalian ER, the network for the catalysis of protein disulfide bond 
formation (oxidative protein folding) comprises a number of oxidoreductases including nearly 
20 protein disulfide isomerase family members (PDIs) and over five PDI-oxidizing enzymes. 
ER oxidoreductin-1α (Ero1α) has been identified to be a primary PDI oxidase in human cells. 
When Ero1α oxidizes PDI, the flavin adenine dinucleotide (FAD) bound to Ero1α accepts 
electrons from PDI and subsequently reduces O2 to H2O2. Since excessive thiol oxidation and 
H2O2 generation cause cell death, Ero1α activity must be strictly regulated. Accordingly, Ero1α 
contains four regulatory cysteines (Cys94, Cys99, Cys104 and Cys131) in its electron shuttle 
loop (loop I). More recently, we demonstrated that in addition to these four regulatory cysteines, 
the Cys208-Cys241 pair in another flexible loop (loop II) characteristic of the vertebral Ero1 
family enzymes has an auxiliary role in the regulation of Ero1α. However, detailed mechanisms 
of this regulation are not fully understood. 
 
[Results and Discussion] 
We first measured the redox-state change of Ero1α during its catalysis of PDI oxidation by gel 
shift assay. The result showed that the Cys208-Cys241 disulfide was reduced significantly by 
PDI. To investigate the roles of the Cys208-Cys241 disulfide in the overall fold of Ero1α, we 
performed differential scanning calorimetry (DSC) and small-angle X-ray scattering (SAXS) 
analyses using wild-type Ero1α and its mutant without the Cys208-Cys241 disulfide. We thus 
found that the thermal stability or overall shape of Ero1α was hardly altered upon the mutation 
of the Cys208-Cys241 pair. In other words, the Cys208-Cys241 disulfide does not serve as a 
structural disulfide but as a regulatory disulfide that fine-tunes the Ero1α activity. To explore 
the role of the flexible loop flanked by Cys208 and Cys241 (loop II), we constructed loop 
II-deleted Ero1α mutants and performed a series of biochemical assays with them. Of note, the 
deletion of loop II significantly prevented the PDI-mediated Cys208-Cys241 disulfide reduction. 
This data suggests that loop II provides a platform for functional interaction with PDI, which in 
turn elevates the Ero1α activity through the reduction of the Cys208-Cys241 disulfide. 
 
[Conclusion] 
Collectively, our in vitro experiments established a novel mechanism of Ero1α regulation (Fig. 
1). During Ero1α activation, reduced PDI acts on the regulatory disulfides Cys94-Cys131 and 
Cys99-Cys104 formed in loop I to generate active-state Ero1α with the Cys94-Cys99 disulfide. 
The active-state Ero1α undergoes further activation through PDI-mediated reduction of the 
Cys208-Cys241 disulfide within loop II, which serves as a platform for functional interaction 
with PDI. Thus, the Cys208-Cys241 pair acts as the second regulatory switch that controls 
Ero1α activity. We propose a dual regulation mechanism of mammalian Ero1α through the 
redox interplays between PDI and Ero1α loops I and II. 
 
 
Fig.1. Newly proposed model of the dual Ero1α regulation via complementary redox interplays 
between PDI and Ero1α loops I and II 
 
論文審査結果の要旨 
 本博士論文で研究対象としている Ero1αは、ほ乳動物細胞においてタンパク質ジスルフ
ィド結合の形成に関わる主たる酸化酵素である。Ero1αが酸化活性を発揮することで活性
酸素の一つである過酸化水素を産出するため、その活性は厳密に制御されなければなら
ない。本研究では Ero1αの活性制御機構の詳細を解明する目的で、系統的な変異体解析
を行った。その結果、従来報告されていた Cys94, Cys99, Cys104, Cys131間の異なるジス
ルフィド結合形成様式に加え、Cys208-Cys241 間のジスルフィド結合の形成・開裂により
Ero1αの活性が厳密に制御されることを新たに発見した。この制御機構を分子構造レベル
で理解するために、Ｘ線小角散乱による構造解析、示差走査熱量計による熱安定性解析
を行った。さらに PDI ファミリー酵素と Cys208-Cys241 ペア間の反応性も定量的に調べ、
新たに発見したEro1αの制御機構の生理的意義について考察を深めた。以上の研究成果
は、ヒト細胞におけるレドックス、タンパク質恒常性維持機構に関する重要な新しい知見を
含み、学術的意義も深い。また生化学的解析から構造解析まで完成度の高い緻密な研究
をほぼ一人の力で行ったことも高く評価される。以上のことから、金村進吾氏が自立して研
究活動を行うに必要な高度の研究能力と学識を有することを示している。したがって、金村
進吾氏による「ヒト由来ジスルフィド結合形成酵素 Ero1αの新規活性制御機構」に関する論
文は、博士（生命科学）の博士論文として合格と認める。 
 
